Abstract -Clean and efficient energy generation by environmental friendly methods and technologies is now one of the major challenges worldwide. New and heterogeneous methods to produce energy pose the challenge of how to guarantee energy security, storage of exceeding production and distribution. In addition to that, the exploitation of next generation energy sources must consider the impact it may have on other productive systems and on rural areas (e.g. solar vs agriculture, biomass vs food production). ENEA has got and follows an interdisciplinary approach to "challenge the challenge" of a sustainable energy production, merging together materials science, agronomy and biotechnology, solar energy studies, energy efficiency management and more, in collaboration with industries and often in collaboration with the other stakeholders in the Mediterranean area. This paper describes the state of the art technology and how concentrating solar power (CSP) technology could be modulated to meet different energy needs, both spatial needs (e.g. off grid use vs dispatchability) and temporal needs (day vs night and energy on demand).
I. INTRODUCTION
• setting the scene
The conversion of the energy system to a new one which maximizes the use of renewable energy sources as alternative to fossil fuels is a major objective effecting science, technology and policy choices nowadays. Yet, despite the global political will of exploiting clean and sustainable energy sources, the energy conversion depends on energy price market since few countries and their citizens in general are willing to bear production costs for the sake of an environmental friendly label 1 . Thus, performance and availability of the energy sources in terms of costs and security represent a must to ensure the appropriate penetration of any kind of energy source 2 . To date, 19 .2% of global energy consumption is fuelled by renewables 3 , and renewable energy could represent the fastest growing power source over the next decades 4 ; however, limits and challenges of such new age of energy generation must be considered, such as cost and security as already mentioned, but also distribution, storage and often complementarity with existing production and consumption systems and compatibility with future ones. Among renewable energy approaches, concentrating solar power (CSP) holds a significant promise for adoption as an utility-scale. Different from many other direct renewable technologies, by the use of cost-effective thermal energy storage, CSP is easily dispatchable, and exhibits versatility in its output capability (heat, steam, chemical energy, mechanical work, or electric power). Additionally, CSP enables integration with conventional power stations, by producing steam with quality standards to drive a conventional turbine 5 . In a nutshell the technology enables to capture the solar heat by using mirrors or lenses to concentrate the sun rays captured on a wide area onto a much smaller surface like a Solar receiver tube with high photothermal efficiency and mechanical reliability to produce high temperature heat, similar to the heat recovered from traditional fuel combustion. As a result, the same technology usually applied for thermal conversion processes (e.g. steam turbines) can be applied for several energy applications (e.g. electrical power production). A conceptual scheme of the CSP basic components is represented in Fig. 1 .
The CSP Technology
A CSP plant is basically composed of a "solar field", i.e. a large area covered with a number of solar collectors, each made of a supporting structure (anchored to the ground) for reflective panels (mirrors) and a solar tracking drive to continuously move and orient the mirrors in the direct normal ray direction.
The shape and orientation of the mirrors in the solar field allow focusing the solar rays captured by the reflective panels on the surface of the so-called "solar-receiver". The ratio between the overall mirrors' area and the solar receiver area represents a measure of the number of times the solar radiation is concentrated: depending on the CSP technology and application, the solar radiation is generally concentrated from tens to thousands times.
Clearly, for a given solar field and a receiver configuration, the effective captured heat flux depends on the overall efficiency which, in turn, depends on several efficiency factors like optical efficiency, tracking efficiency, mirrors' reflectance and cleanness, receiver's efficiency, etc. All these efficiency factors must be optimized in order to get the best overall performance of the CSP pant (e.g. annual production).
A "heat transfer fluid" (HTF) flows inside the solar receiver to remove the high-temperature heat from the receiver and transfers it, through a specific piping system, to the final heat loads and users. Depending on the CSP technology and conversion process requirements, the HTF can be pressurized water/steam, gas, oil, or molten salts.
At the end of the cycle, the HTF transfers its heat directly to the heat load, such as a steam generator for the production of super-saturated steam to drive a turbine in a Rankine cycle for electrical power production. Alternatively, the high-temperature heat can be used to drive purely thermal duties, like industrial thermochemical conversion reactors and processes for the production of the so-called "solar fuels". When the power load is lower than the available heat carried by the HTF, the excess heat is stored in a thermal energy storage (TES) system, to be used when necessary. After heat transfer to the thermal load(s), during hours with satisfactory direct solar radiation, the HTF is pumped to re-start the heat collection loop.
The solar field and the TES system can be integrated with a suitable "back-up" unit. The back-up unit is a device specifically designed to replace the solar field when the solar radiation is not adequate and the TES system is completely discharged, in order to sustain the heat demand (e.g. after extended cloudy periods). The back-up unit usually consists of a fuel combustor contributing to usually less than 10-15% of total energy production per year. Clearly, the above mentioned elements and units comprising a CSP plant have to be operated using suitable control tools and procedures to maximize the solar power production and the security of power supply.
The development of the above mentioned units requires an extensive wide multi-disciplinary approach primarily aiming at innovation and the overall system improvement. This includes structural and mechanical engineering (e.g. for solar collectors and tracking drives), expertise in optics and materials coating (e.g. for efficiency improvements, qualification, reflective panels and solar-receivers development and maintenance), material science (e.g. for the heat transfer fluid and the TES), chemical engineering (for the thermochemical conversion), heat transfer skills (e.g. for the back-up unit, steam generator, etc.), hydraulics and fluid-dynamics (e.g. for the piping system), electronics skills (for the RESD © 2017 http://apc.aast.edu control and automation system), astronomical expertise (for the solar collectors' tracking system), etc.
ENEA's staff covers all the above mentioned expertise required for the full development of the CSP technology, from the individual components to the integrated plant design, construction and operation.
Concentrating solar technologies are divided in point and linear focusing systems. Point focusing systems include solar towers and parabolic dishes 6 . Linear CSP technologies are parabolic troughs or linear Fresnel reflectors which concentrate the solar radiation on receiver tubes. Since the '80s several hundred MW have been installed worldwide mainly in parabolic trough CSP plants typically using thermal oil HTF up to 400°C and a two-tank TES using molten salts as heat storage medium operating in the temperature range between 290°C and 380°C. More recently, large solar tower CSP plants have been installed, commonly with direct heating of molten salts up to 565°C: thus, compared to traditional parabolic trough CSP plants typically using thermal oil HTF up to 400°C, the overall efficiency of the conversion process in tower plants with direct molten salts is increased by increasing the upper temperature of the power cycle.
Since 2001 ENEA has developed a new CSP concept which benefits of the main advantages of solar troughs and tower systems: solar parabolic troughs are applied for the direct use of molten salts as HTF and TES medium up to 550°C. This development was made possible by the above mentioned wide interdisciplinary potentials of ENEA in applied research. Hence, each component has been individually developed in laboratory and then tested in a prototype test plant at ENEA-Casaccia (Fig. 2) .
After performance assessment and qualification, the developed components are made ready for replication in CSP plants on the demonstration and commercial scale. The first commercial-size plant (5 MW electrical) has been commissioned in 2010 in Sicily.
Based on the preliminary experience, in the forthcoming years ENEA's research on concentrating solar technology has been focused on further improvements of the technology with respect to individual components, plant integration, process optimization and new application scenarios. Fig. 3 represents a general process scheme conceived by ENEA for the application of this concentrating solar technology to heat and power production. Accordingly, the HTF consisting of a molten salts mixture (usually the binary mixture NaNO3/KNO3 60%wt/40%wt, though different formulation are under investigation) in the solar field is heated from about 290°C up to 550°C and then stored in a thermal energy storage tank to be used for different applications: steam generation, electrical power production, thermochemical conversion and residual heat for heating/cooling of buildings or sea water desalination; in Fig. 3 a biomass-based back-up unit integrated in the plant scheme is also shown.
Current Projects and Future Studies on CSP
The CSP technology can be considered a mature technology for the market and, besides public research, several initiatives are on-going worldwide 7 .
Therefore, the value of the approach is not questionable, but since the start of manufacturing plans the challenge is now how to improve the performance in different terms: construction costs, economy of production, training, easiness of use, flexibility of the system and integration with traditional and new technologies. Alternative molten salts mixture is under investigation at ENEA to ease operation and management of the plant (e.g. lower melting temperature). The molten salts at 550°C are collected in a storage tank. ENEA has conceived an innovative TES system based on a single tank directly integrated with the steam generator, as represented in Fig. 3 . Moreover, CSP technology results in many products at different stages towards energy production (Fig. 3 ) that could be used alternatively; the first product of solar concentration is heat, namely concentrated solar thermal (CST) energy that could be either stored or used for those industrial processes that traditionally need to burn a fuel (the explanatory case of methane steam reforming is shown in Fig. 3 ). This use would lead to the deployment of greener industrial plants where combustion driven facilities, chimneys and combustion products would be minimized. Therefore, the produced heat at 550°C can then be used to power a heat demanding thermochemical process like steam reforming and/or the produced steam used for electrical power production in a steam Rankine cycle (Fig. 3) for power generation to feed the electric grid or used RESD © 2017 http://apc.aast.edu locally (e.g. off-grid networks). Finally, residual heat can be used for district heating and cooling or for sea water desalination, a by-product which represents an extremely high added value to the process 8 . When the solar radiation is not adequate to heat the molten salts up to 550°C, a molten salts heater is applied; this back-up unit can be fed by waste biomassderived fuels in order to obtain a 100% renewable energy conversion process to satisfy the heat and power demand with high flexibility. Such energy conversion schemes based on CSP are developed by ENEA in the framework of national and international projects. Among these are the projects MATS 9 (power, heating/cooling and desalination from a CSP plant based on ENEA's technology) and CoMETHy 10 (steam reforming assisted by solar molten salts at 550°C). Specifically, in MATS (Multipurpose Application by Thermodynamic Solar) a plant with the specifications reported in Table 1 is developed, built and demonstrated in the City of Borg El Arab (Egypt). In CoMETHy a molten salts heated steam reforming technology for hydrogen production has been developed and successfully proved with a pilot plant at ENEA-Casaccia research centre in Rome. 
Technological Transfer and Social Impact of Industrial CSP
Technological transfer to industry is a key moment to ensure that the performance obtained at the research and development stage can be translated in cost effective/efficient energy production.
As mentioned in the previous section, ENEA was the first organization in the world that developed to the prototype and commercial level (12.5 MW thermal, about 5 MW electrical equivalent) the linear focusing CSP technology with solar salts HTF (up to 550°C) 11 . This process lasted about a decade (Fig. 4) and requested a role of the government, in fostering the public research into CSP, from project start-up to prototyping and an industrial role, that involved both the manufacturers and the distributor of energy and resulted in the construction of a demonstrative plan 12 . This "best practice" enabled the creation of a complete new high technology manufacture plant and merged together inter-disciplinary public research, component manufacturing and energy production and dispatch actors. To date, industry is fostering CSP technology in Italy and worldwide 13, 14 , and the forecast is that CSP will contribute to global energy production with 90 GW (worst scenario 15 ) to 266 GW (best scenario 16 ) by 2030 and for a total share of about 28% of all renewable generation by 2060 (the highest growth potential 10 ). The path therefore seems to be defined, and future challenges will focus on increasing the technological and economical value of the system.
The social impact of investing in CSP must not be underestimated when capacity is built in countries that are growing in demographical and/or economical terms; in short, the realization of e.g. 50 MW with thermal storage system would employ about 1,500 people during the construction phase of the components and construction of the plant (about 2-3 years). To this figure, 50 permanent jobs must be considered for the management and maintenance of the power station. Moreover, it is worth to underline that about 65% of the new jobs would be located in the regions where the plants will be located 17, 18, 19, 20 .
CSP as Example of Technology Integration and the Role in the Smart Energy Generation and Management
A sustainable energy production is globally considered a core objective in a historical moment of demographic growth, increasing welfare trends and environmental problems. The simple paradigm "increased population/decreased sources" is nowadays more articulated and solutions must match apparently opposite needs, such as the urbanization and the need of cultivated land, the change in population composition (e.g. the ageing RESD © 2017 http://apc.aast.edu society) and the different diets in different parts of the society around the globe 21, 22 .
Generation and management of renewable energy implies several technological challenges at input and output levels; energy may be generated by different sources and at different times, and enter the electric distribution grid in different places. While renewable energy systems are capable of powering houses and small businesses without any connection to the electrical grid, any excess electricity production shall be stored. These aspects, if one considers the electric grid as traditionally conceived, are revolutionary. Thus, transition to renewable energies poses various levels of technological complexity.
Concentrated Solar Power is a key technology that solves many of the issues mentioned above; the flexibility of the system is important also in terms of societal impact, as the possibility to work in different scenarios and deliver different products may provide answers to the different needs; to make a specific example, in Sub-Saharan Africa (SSA) unreliable power supply poses a major impediment to reduce extreme poverty and boost shared prosperity. "Low density/Long Distance" human settlements and rural areas are lacking access to the grid and this makes costly the distribution of electrical power. This results in poor quality, environmental unfriendly and often unhealthy systems to produce power, that could be overcome if off-grid energy is locally provided 23 ; this issue can be solved by the introduction of small CSP plants with single-tank thermal energy storage systems like the one shown in Fig. 3 , which could feed small communities with local "mini" distribution grids, together with the production of desalted water and other co-generation services (e.g. heating and cooling of buildings).
ENEA is the first organization in the world that developed to the prototype and commercial level an high performance (550°C) linear focusing CSP technology and is now implementing alternative applications of these technologies; this implies a strong interdisciplinary approach of far related disciplines, from material science and nanotechnology to engineering and ICT to energy management, smart grid concept, climatology, agronomy, etc. All together, this is needed to create the know-how for an efficient use of energy, which would complement CSP with other generations system (e.g. biomass and photovolatics) and should be embedded in the energy and social context of the region where it is implemented. A technology to deliver clean, sustainable energy, and with energy, information, education, health, food production, in industrialized areas as well as in small, isolated communities is the approach ENEA uses also in the framework of strong international cooperation and in collaboration with industries in order to avoid the risk of taking the technology development far away from the societal needs. 
